. Standardizing a dual x-ray absorptiometry (DXA) protocol is thought to provide a reliable measurement of body composition. Purpose: We investigated the effects of manipulating muscle glycogen and creatine content independently and additively on DXA estimates of lean mass. Method: Eighteen well-trained male cyclists undertook a parallel group application of creatine loading (n = 9) (20 gId j1 for 5 d loading; 3 gId j1 maintenance) or placebo (n = 9) with crossover application of glycogen loading (12 v 6 gIkg j1 BM per day for 48 h) as part of a larger study involving a glycogen-depleting exercise protocol. Body composition, total body water, muscle glycogen and creatine content were assessed via DXA, bioelectrical impedance spectroscopy and standard biopsy techniques. Changes in the mean were assessed using the following effect-size scale: 90.2 small, 90.6, moderate, 91.2 large and compared with the threshold for the smallest worthwhile effect of the treatment. Results: Glycogen loading, both with and without creatine loading, resulted in substantial increases in estimates of lean body mass (mean T SD; 3.0% T 0.7% and 2.0% T 0.9%) and leg lean mass (3.1% T 1.8% and 2.6% T 1.0%) respectively. A substantial decrease in leg lean mass was observed after the glycogen depleting condition (j1.4% T 1.6%). Total body water showed substantial increases after glycogen loading (2.3% T 2.3%), creatine loading (1.4% T 1.9%) and the combined treatment (2.3% T 1.1%). Conclusions: Changes in muscle metabolites and water content alter DXA estimates of lean mass during periods in which minimal change in muscle protein mass is likely. This information needs to be considered in interpreting the results of DXA-derived estimates of body composition in athletes.
D ual x-ray absorptiometry (DXA) is recognized as a criterion technique for the measurement of body composition and has become a routine part of the preparation and monitoring of athletes (29) . Strategies which improve the precision of measurement can have real-life importance in sports nutrition; we have previously shown that the use of a standardized protocol which allowed the detection of small but worthwhile changes in total lean body mass and body fat that would have otherwise been missed if measured under nonstandardized conditions (28) . Although the current recommendations for standardizing DXA scanning protocols aim to reduce the error/variability associated with gastrointestinal content from recent meals, general hydration status and fluid shifts associated with exercise (25, 27) , we have proposed that alteration of intramuscular solutes (e.g., glycogen, creatine, carnosine), and their associated water binding may cause another source of biological variation. Indeed, even with the implementation of a best practice protocol, we sometimes observe within-athlete differences in lean body mass estimates of up to 2 kg over an acute time frame, which are unlikely to be explained by real changes in muscle mass.
It has previously been shown that changes in cellular substrates achieved by common practices in sports nutrition can cause detectable changes in muscle size and mass. For example, an investigation using magnetic resonance imaging showed increases in muscle cross-sectional area after a carbohydrate-loading diet (30) . Similarly, a 10-d creatine loading protocol in untrained individuals was shown to increase body mass and DXA estimates of lean body mass (35) . A recent study reported an increase in the DXA estimate of lean mass in healthy men after the intake of a high carbohydrate in the 3 d before a DXA scan (34) . However, how the variety of changes in muscle solutes and water content commonly experienced by athletes interact to alter estimates of muscle mass has not been considered. Therefore, it is of interest to undertake a systematic investigation of the variability in DXA measurements of body composition that can be attributed to acute changes in muscle creatine, glycogen, and their effect on total body water. We undertook such an investigation, within a larger study of creatine and glycogen loading, with the aim of further refining best practice protocols for body composition assessment by DXA and/or allowing better interpretation of the results. We hypothesized that activities that increased muscle solutes and water would create an artefact in measurement of body composition by increasing the estimate of lean body mass, whereas depletion would be associated with a decrease in the estimate of lean mass. ) participated in this study which was approved by the human research ethics committees of the Australian Institute of Sport (20140612) and the Australian Catholic University (2014 254N). Participants were informed of protocols and risks of the study before providing written informed consent.
METHODS
Study design. This study, which was part of a larger investigation of creatine and glycogen loading on cycling performance, employed a parallel group design to investigate the effect of creatine loading, followed by a within-group crossover application of carbohydrate loading.
All participants underwent baseline measurements on day 0, followed by tests in the glycogen-depleted state on day 1. After day 1 measurements, participants were randomized into either the creatine loading or placebo group and returned for two subsequent testing days 1 wk apart (day 7 and day 14) (see Fig. 1 ).
Creatine and glycogen loading. Creatine loading was achieved by intake of 20 gId j1 of creatine monohydrate (Musashi Creatine Monohydrate; Vitaco, NSW, Australia) for 5 d using a split dose regimen (4 Â 5 gId j1 , consumed at the same time as a carbohydrate-containing meal or snack) followed by creatine maintenance (3 gId j1 ) (13) . Normalized glycogen stores were achieved by consuming a prepackaged diet providing a carbohydrate intake (6 gIkg j1
Id

j1
) for 48 h as well as imposing a standardized training protocol including a rest day before the DXA scan. Meanwhile, glycogen loading was achieved by providing a prepackaged diet providing 12 gIkg 
Id
j1 of carbohydrate for the same standardized time period (5) . Hydration status was standardized by implementing a standardized fluid intake for the 24-h period before the DXA scans. Glycogen depletion was achieved by undertaking a cycling protocol in the laboratory lasting approximately 3 h 30 min, with consumption of a prepackaged low carbohydrate diet after completion of the protocol until the next morning_s DXA scan.
The achievement of these protocols provided scenarios to reflect normal creatine normal glycogen (n = 18; baseline), normal creatine-glycogen-depleted (n = 18; glycogen-depleted), creatine-loaded glycogen-loaded (n = 9; creatine-glycogen-loaded), normal creatine-glycogen-loaded (n = 9; glycogen-loaded), and creatine-loaded normal glycogen (n = 9; creatine-loaded).
Dietary standardization. An individualized 2-d menu was constructed for each participant using FoodWorks Professional Edition, Version 7.0 (Xyris Software, Brisbane, Australia) based on their body mass and food preferences. Before the baseline trial, subjects received a moderate carbohydrate diet providing 6 gIkg j1 BM per day carbohydrate; 1.5 gIkg j1 BM per day protein; 1.5 gIkg j1 BM per day fat, with a total energy goal of approximately 215 kJIkg j1 BM per day. The participants were then randomized to receive either a repeat of the moderate-carbohydrate diet (6 gIkg j1 BM per day) or a carbohydrate-loading diet (12 gIkg j1 BM per day) in the 2 d before the glycogen-loaded and glycogen normal trials (day 7 and day 14) in a cross-over allocation. These dietary treatments were implemented using a placebocontrolled design, whereby the overall menu for the day was kept constant, but key items were provided either as a lowkilojoule/low carbohydrate option or an indistinguishable carbohydrate-enriched/high kilojoule. Protein and fat intake each remained constant at 1.5 gIkg j1 BM per day in these diets, but energy intake was increased in the carbohydrateloading diet (~320 kJIkg j1 Id j1 ). Participants refrained from any intake of alcohol during the dietary standardization period. Caffeine and fluid intake was allowed ad lib 2 d before the baseline trial and up to two standard serves (e.g., one cup of coffee or one can caffeinated soft drink) the day before the experimental trial. Participants recorded their caffeine and fluid intake, and this was repeated during the dietary standardization period of subsequent trials. After the glycogen depleting exercise (day 0), participants were fed a prepackaged standardized low carbohydrate diet (G1 gIkg j1 BM) for the remainder of the day to minimize resynthesis of muscle glycogen stores. Subjects were provided with all foods, and most of their fluids in a standardized menu in portion controlled packages and were given verbal and written instructions on how to follow the diet. Checklists were used to record each menu item as it was consumed and to note any deviations from the menu. An analysis of all the actual diets consumed by participants was undertaken on completion of the study using the same software.
Muscle biopsy. Each participant underwent four biopsies over the course of the study, with each being collected from the same leg from an incision that was as least 2 cm from the previously biopsied site. All biopsies were conducted by medical practitioners using a 5-mm Bergstrom needle modified with suction (9). The site was anesthetized using 1% xylocaine before an incision being made through the dermal layer and facia on the quadriceps. Muscle tissue was immediately frozen in liquid nitrogen and stored at j80-C for later analysis.
Biochemical analysis. Muscle creatine and glycogen concentrations were measured as described previously (6, 12) .
Glycogen concentrations were determined via enzymatic analysis with fluorometric detection (Jasco FP-750 spectrofluorometer, Easton, MD) at excitation 365 nm per emission 455 nm. Concentrations were expressed as millimoles of glycogen per kilograms of dry weight (dw; mmolIkg j1 dw). Muscle tissue was analyzed in duplicate for free creatine, creatine phosphate, and adenosine triphosphate using fluorometric techniques. Total creatine was measured as a sum of free creatine and creatine phosphate (13) .
DXA and total body water protocol. For each of the four different conditions, participants reported to the laboratory in the morning after an overnight fast and undertook a total body DXA scan as per a standardized protocol (29) . Body composition was assessed using a whole body scan on a narrowed fan-beam DXA (Lunar Prodigy; GE Healthcare, Madison, WI) with analysis performed using GE Encore 12.30 software (GE Healthcare). The DXA technical error of measurement was approximately 0.1% for total mass, 0.4% for total lean, 1.9% for total fat, and 0.7% for total bone mineral content (25) . After 15 min of rest, total body water and fluid compartments were assessed using bioelectrical impedance spectroscopy (BIS) (IMP SFB7; ImpediMed Limited, Queensland, Australia) and analyzed using BioImp Analysis 5.4.0 Software (ImpediMed Limited, Queensland, Australia) according to the protocol described by Moon et al. (24) . The BIS has a technical error of measurement of 0.81 L. Hydration status was monitored by measurement of urine specific gravity (UG-a; Atago Refractomer, Japan) from a sample collected upon waking.
Statistical analysis. We used a mixed linear model (Proc Mixed in version 9.4 of the statistical Analysis System; SAS Institute, Cary, NC) to estimate the effect of the treatments on muscle glycogen concentration; muscle creatine concentration; the mass of each component of body and leg composition; and the mass of intracellular, extracellular and total body fluids. Treatment was a fixed effect in the model (nominal, with six levels), whereas random effects were the athlete identity and its interaction with dummy variables to estimate error additional to the residual (individual responses) to glycogen depletion, glycogen loading, creatine loading, and combined glycogen and creatine loading. All dependent variables were log transformed for analysis. The smallest important change was determined as per Nana et al. (26) by using the default approach of standardization with an appropriate between-subject standard deviation, here the baseline standard deviation. The magnitudes of changes the resulting effects were assessed using the following scale: G0.2 trivial, 90.2 small, 90.6 moderate, 91.2 large (14) . Small or larger changes were considered substantial when the threshold for the small effect was reached (Q0.2). Uncertainty in the changes is shown as expressed by 90% confidence limits when the upper and lower confidence limits represented substantial increases and decreases, respectively. Owing to the considerable number of effects investigated, the effects were assessed as clear or unclear using 99% confidence limits. All other effects were deemed clear and shown with the probabilities that the true effect was a substantial decrease, a trivial change, or a substantial increase.
RESULTS
Baseline values and percentage changes with the different treatments are presented in a series of tables: total body composition (Table 1) , leg regional body composition (Table 2) , body water (Table 3) , and muscle glycogen concentrations (Table 4) .
Body mass (Table 1) : There was a substantial increase in body mass in the combined Creatine-Glycogen Loaded treatment compared to baseline, the observed effect being small. Changes in the separate Glycogen Loaded and Creatine Loaded treatments on body mass were clearly not substantial. Additionally, there was no substantial change in body mass after the Glycogen Depleted condition.
Lean mass (Tables 1 and 2 ): There were substantial increases in lean body mass after the creatine-glycogen-loaded and the sole glycogen-loaded treatments compared with baseline measurements, with the observed effects being small. Similar results were observed for leg lean mass with a small but substantial increase with both treatments. The was no substantial decrease in lean body mass after the glycogendepleted condition but there was a substantial decrease in leg lean mass. The effects of the creatine-loaded condition on lean body mass and leg lean mass were likely trivial.
Fat mass and bone mass (Tables 1 and 2 ): Compared to baseline measurements, changes in total fat mass and leg fat mass in glycogen-depleted and glycogen-loaded conditions were not substantial and produced trivial effect sizes relative to the smallest important effect. The effects of the CreatineLoaded and the combined creatine-glycogen-loaded conditions on total body fat mass and leg fat mass were also not substantial. Changes in total bone mass and leg bone mass for all treatment conditions were not substantial.
Body water (Table 3 ): There were likely substantial effects of glycogen-depleted and glycogen-loaded treatments on total body water. There was a likely decrease in extracellular fluid in the glycogen-depleted treatment. An increase in total body water and intracellular fluid with the combined creatine-glycogen-loaded condition was very likely, with a possible increase in extracellular fluid. The creatine-loaded condition was associated with a possible likely increase in total body water and intracellular fluid, but no clear effect on extracellular fluid.
Muscle glycogen (Table 4) : The effects of glycogen-depleted, glycogen-loaded, and the combined creatine-glycogen-loaded treatments on muscle glycogen concentration were clear. There was no clear effect of the creatine-loaded treatment on muscle glycogen concentrations.
DISCUSSION
This study is the first to systematically investigate the effect of glycogen loading, creatine loading and their interaction on DXA estimates of body composition. Estimates of lean body mass were substantially higher with glycogen loading translating to a mean 1.3-kg increase in lean body mass and 1.7-kg increase in leg lean mass after our glycogen loading treatment and a 1.9-kg increase in lean body mass and 2.0-kg increase in leg lean mass after a combined creatine-glycogen loading treatment . On the other hand, glycogen depleting exercise resulted in a mean decrease of 1.0 kg and 0.8 kg of lean body mass and leg lean mass which was deemed very likely trivial. The changes in the DXA estimates of lean body mass and leg lean mass were reflected by the changes in total body water and intracellular fluid. Our Also shown are magnitude-based inferences for the mean changes with each treatment. %BM, percent of baseline body mass; CL, 90% confidence limits; BMC, bone mineral content; SIE, smallest important effect. This is 0.2 of the between subject SD and the percent change a variable has to meet to be considered a substantial change; j indicates substantial increase; ,, indicates substantial decrease; Asterisk/s indicates how clear the change is at the 99% confidence level, *possible clear change, **likely clear change, ***very or likely clear change. findings of increased total body water, and more specifically intracellular fluid, with glycogen loading were expected. However, we have demonstrated, for the first time, that this creates an artefact in DXA-derived measurements of body composition in well trained athletes. It is well accepted that water is bound to the glycogen molecule in the cellular environment. Indeed, a ratio of 3 g of water to 1 g of muscle glycogen is commonly stated, based primarily on a single rat study from the 1940s which determined that 1 g of liver glycogen was associated with 2.7 g of water over a range of concentrations (23) . Olsson and Saltin (31) assessed body water by tritium trace dilution in men before and after glycogen loading, reporting that each gram of glycogen was stored with 3 to 4 g of water.
They observed a mean increase in body mass of 2.4 kg, of which 2.2 L was attributed to the increase in total body water (31). However, Sherman et al. (36) completed studies of rat skeletal muscle and failed to find a consistent relationship between glycogen and water content over a range of glycogen concentrations. More recently, Fernández-Elías and colleagues (10) reported different ratios of muscle glycogen to water after postexercise glycogen repletion under different fluid intakes. A ratio of 1:3 was found when only 400 mL of water was consumed, while a ratio of 1:17 was determined when participants replaced the fluid lost during exercise. Although anecdotes and studies have noted that glycogen loading is associated with a gain in total body mass (4), and that changes in glycogen can confound the results of weight loss programs in the general community (19) , few studies have investigated how changes in glycogen loading (and consequently body water) would affect interpretations of body composition in athlete populations.
An increase in body mass is considered a direct side effect of the creatine supplementation during the initial loading phase (15, 16, 38) . The mass increase is often attributed to water retention, as 5 d is considered too short a period to detect real changes in myofibrillar protein content (15, 16, 32, 38) . Because creatine is an osmotic particle, increases in its concentration in muscle could induce cellular swelling leading to fluid retention (2,11). Indeed, acute decreases in urinary output (15) and increases in total body and intracellular water have both been reported following creatine loading protocols. Furthermore, creatine supplementation of 20 to 25 gId j1 for 5 to 7 d has been associated with increases of 1.0 to 2.0 kg (18, 37, 38) in body mass and 1.3 to 2.3 L in total body water (7, 32, 35) . However, not all studies have found a concurrent increase in the intracellular water compartment (32) .
To our knowledge, only a handful of studies has have investigated the effect of carbohydrate loading or creatine loading on body composition or muscle size (1, 30, 34) , and we are the first to investigate the interaction of these two strategies. Another novel aspect of our study was the assessment of total body water as an adjunct to the measurement of body composition; to our knowledge, no other study has reported on the effect of glycogen loading on lean body mass and total body water. Our findings support those of Nygren et al. (30) and Rouillier et al. (34) , with substantial increases in muscle glycogen, lean body mass and total body water observed after 48 h of glycogen loading. Nygren et al. (30) reported an increase in the vastus lateralis cross sectional area by magnetic resonance imaging after 4 d of carbohydrate loading in healthy males. The increase in muscle cross sectional area was attributed to the increase in glycogen (281 to 634 mmolIkg j1 dw) along with the binding of the water (30) . However, neither body water nor measures of body composition were assessed in this investigation. Meanwhile Balon and colleagues found no increase in muscle girth following a 3-d high carbohydrate diet (80% carbohydrate) compared with a low carbohydrate diet (10% carbohydrate) with concurrent resistance training (1) .
A recent study investigating 3 d of increased carbohydrate intake on DXA estimates of body composition reported a mean 0.9-kg increase in lean body mass and 1.4 kg increase in appendicular lean mass (arms and legs) (34) . Although the authors attributed the increase in appendicular lean mass to increased glycogen storage, no biopsies were conducted to TABLE 3 . Baseline values, smallest important change, and percent changes from baseline after various treatments for total body water and water compartments.
Change (%) from Baseline (Mean; TCL) verify changes in muscle glycogen content (34) . Furthermore, dietary intake was not prescribed and although carbohydrate intake achieved the stated goal of exceeding 75% of total energy intake, this amounted to a total daily intake of 8 gIkg
j1
, compared to 12 gIkg j1 in our study. Some concerns regarding the standardization of the methodology of the DXA scans are also noted: although not clearly stated, the DXA scans were conducted after an overnight rest and fast (3) but it is unknown whether carbohydrate intake was standardized before the baseline scan.
Several studies have investigated the effect of creatine supplementation on body composition, however they are often for longer supplementation periods and taken concurrently with resistance training (2, 8, 11, 20, 39) . Currently only one other study has assessed the sole effect of short term creatine supplementation on body water and body composition (35). Safdar et al. (35) reported increases in lean body mass by DXA after a 10-d creatine supplementation period in untrained individuals. Furthermore, measurement of total body water by BIS revealed an increase in intracellular fluid compartment, although the magnitude of this increase was not provided (35) . Our creatine loading treatment resulted in only trivial changes in muscle creatine content and lean mass, and showed only possible increases in total body water and intracellular fluid. Due to our study design, the assessment of all these parameters occurred on either day 7 or day 14 of the supplementation protocol, where participants had changed to a reduced creatine dosage (3 gId j1 ), believed to maintain elevated creatine stores (33), for 2 or 9 d, respectively. However, since van Loon et al. (37) recently reported that this ''maintenance'' dose is not always sufficient for maintaining creatine levels, it is possible that a reduction in creatine content occurred over the longer maintenance period, obscuring any earlier effects.
We note some other real and apparent limitations of this study. Because of the requirements of the larger study, we were unable to add further measurements such as an assessment of body composition and body water under a creatine-loaded, glycogen-depleted condition. Furthermore, we anticipate the criticism that the glycogen-depleted condition was monitored 15 to 18 h after the completion of the glycogen depleting task. However, as we conducted our scans using a standardized protocol based on Nana et al. (28) which require fasted and rested conditions to standardize gut contents and hydration status, we needed to undertake these measurements on the morning after the exercise session. However, we attempted to minimize glycogen resynthesis during the recovery period by providing participants with a diet providing G1 gIkg j1 carbohydrate. This was successful in maintaining glycogen content below preexercise levels, and indeed may mirror the real-life practices of athletes who ''sleep low'' (restrict carbohydrate intake) after quality training sessions to prolong the adaptive response to exercise by delaying muscle glycogen storage (21) . We acknowledge that BIS is an indirect measurement of total body water, however, the use of the criterion dilution methods did not fit within the constraints of the larger study. Additionally, BIS has been recently validated against criterion methods in athletes and was considered appropriate in this setting (17, 22) .
In summary, the results from this study provide further evidence of daily variability in the DXA assessments of body composition of athletes due to factors frequently experienced in sport. Recent work by our center has developed techniques to standardize DXA assessment protocols (25, 27, 28) , showing that the implementation of overnight fasted and rested conditions can reduce variability to allow greater sensitivity in the detection of real and interesting changes in body composition (28) . The present study expands on this work and indicates that when DXA is used for longitudinal monitoring of physique, scans should be undertaken with consideration of recent practices of training and diet that might be expected to manipulate muscle glycogen stores. Where standardization of these practices is impractical, the interpretation of the results of DXA assessments of body composition should take into account the likely artefacts with respect to lean mass. Future studies should also investigate the effect of other sources of changes in intramuscular fluid and substrate, such as muscle damage or carnitine supplementation, alongside those caused by exercise or dietary manipulation.
